I. Introduction
Molecular electronics is an emerging field that is drawing considerable attention due to the potential applications offered by inexpensive plastic electronics devices based on organic/polymeric materials instead of traditional silicon based solid-state semiconductors [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Molecules order to carry charges 7, 8 . Among the factors that control the "hopping" rate, intermolecular π-π stacking is one of the most important 4, 7, 9, 10 .
(a) Although many conjugated molecules form π-π stacked molecular superstructures, phenylacetylene compounds are promising due to their stability in air and against ultraviolet light, rigid framework and the fact that they can be attached to gold strongly (40 kcal/mol) via thiolterminated groups. Previous studies have shown that controlled self-assemblies of π-conjugated molecules can result in a 2-D superlattice on Au(111) surfaces at room temperature 11 . Here we study the electric transport properties of two such systems and the effects of mechanical perturbations.
Two conjugated molecules were studied: (4-mercaptophenyl)-phenylacetylene (MPPA) [12] [13] [14] [15] and (4-mercaptophenyl) anthrylacetylene (MPAA) 11 16 . The presence of three fused aromatic rings in MPAA is expected to result in a stronger π-π intermolecular stacking than in the case of MPPA that contains one benzene ring only 11 . By applying mechanical load to self-assembled films of these molecules we intend to intentionally disturb the π-π intermolecular stacking and to 2 study its effect on the electrical conductivity. This should allow us to obtain a better understanding of the influence of the π-π intermolecular stacking on the electronic properties of self-assembled monolayers in general.
A related question is the effect of π-π interactions on the mechanical properties of such films, in particular friction. Previous studies of molecular scale friction have been focused on long-chain alkylthiol and alkylsilane molecules forming self-assembled monolayers on gold, silicon and mica substrates 17, 18 . The friction force was found to decrease with increasing chain length and to remain almost constant beyond a certain length (approximately 10 carbons). It was proposed that the poorer packing of the shorter molecules makes possible the excitation of more energy dissipation modes, such as chain bending and tilting, rotations, gauche defects, etc., which are sterically quenched in the densely packed films formed by the longer chain molecules. For π-conjugated molecules a relationship between molecular structure and friction has not yet been established 19, 20 . This study therefore is also an attempt to fill this hole in our understanding of the friction properties at a molecular level.
II. Experimental
The gold substrates were prepared by annealing a 250 nm thin film deposited on the borosilicate glass in a hydrogen flame to produce contaminant-free, flat (111)-oriented terraces.
Solutions of MPAA and MPPA (0.05 mM) were prepared in the following way. Ester derivatives of the molecules were first dissolved in the ethanol, then NH 4 OH was added to convert the -S-(C=O)-CH 3 functional group into -S-H (thiol). The gold samples were immersed in the solution for 48 hours and after removal rinsed successively with ethanol (3 min), DMF (5 min), and ethanol (5 min). After this they were dried by blowing dry N 2 gas.
The friction experiments were performed with a commercial RHK-Technology STM/AFM system in a chamber with a base pressure of 1.0 x 10 -10 torr 21, 22 . All the measurements were performed at pressures below 1.0 x 10 -9 . Cantilevers with spring constant of 2.5 N/m, coated with approximately 30 nm of conductive TiN 23 , were used. The normal force exerted by the cantilever was maintained constant during imaging while current and friction force between tip and sample were recorded simultaneously. The radii of the metal-coated tips were typically 30-50 nm before contact, as measured by scanning electron microscopy. When measured after a contact experiment however, the radii were typically found to be 80-120 nm. The loads used in this study were small enough that no damage to the surface could be detected by inspection of images with 3 0.1 nm depth sensitivity as well as by the reproducibility of the friction and adhesion measurements.
III. Results
In Fig.2a , 2b, 2c we show topographic, current and friction force images acquired simultaneously 24 under an applied load of 20 nN on a sample covered with a monolayer of MPPA. Contours corresponding to atomic steps and terraces are visible in the images. The current over the film is 20-100 nA at a sample bias of +0.8 V. This current is three orders of magnitude smaller than that found on spots exposing bare gold. The friction force over the molecular film is smaller by a factor of two than on the bare gold areas.
Fig 2d is a high-resolution image
showing the ordered molecular structure of the film, with lattice parameter of 1.0 ± 0.05 nm, consistent with the STM result of Zareie et al. 11 .
In the case of MPAA the molecular lattice could not be resolved, suggesting that the MPAA layer is more disordered than the MPPA. We found that using the same tip, load and bias the current on MPAA was higher than that on MPPA by factor between 5 and 10. The adhesion force, determined from the pull-off force in force-distance curves, was found to be 25 ± 2 nN on MPPA, and 27 ± 2nN on MPAA.
As shown in Fig. 3a the current increased rapidly with applied load on both MPPA and MPAA monolayers. This rapid increase, shown by the exponential Y-axis scale, cannot be explained as due to changes in contact area, because this area increases much more slowly with load L, for example as L 2/3 in the Hertzian model.
The different behavior of the current vs load on the two molecules is striking. First, the current through MPPA is roughly ten times smaller than that through MPAA. Second, for MPAA there is a plateau in the current extending approximately from -5 to +40 nN external load (or 20 to 65 nN of total load, including the adhesion force). This plateau might indicate an increased stability or a particular stacking geometry of the MPAA molecules that is disrupted around 40 nN (65 nN, including the adhesion force). Apart from this plateau, the current increases exponentially on both molecular films. In the semilog plot a high slope region is observed during initial compression, and a smaller slope region at higher loads. For both molecules however these two slopes are similar in each regime.
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The friction force, measured simultaneously, is shown in Fig. 3b . We found that, assuming proportionality between friction and contact area, both MPAA (top curve) and MPPA (lower curve) friction behavior follows well the JKR elastic deformation model, which includes adhesion Figure 4a shows the I-V curve measured on Au(111) surface revealing the linear behavior and higher current level expected from a metallic ohmic junction. As before, the current measured on MPAA is about ten times larger than that on MPPA.
The conductance spectrum shows a resonance around 0.5 eV corresponding to empty or LUMO states and a stronger one below -0.8 eV due to filled or HOMO states. Higher bias voltages could not be explored due to possible damage to the films.
IV. Discussion
Both MPPA and MPAA molecules have benzene rings that can provide π-π interaction between neighboring molecules. The single benzene ring in MPPA, compared to the three fused rings of anthracene in MPAA, gives the molecule a more uniform diameter along its length, which might explain the better ordering of the MPPA film observed in the lattice resolved images.
While the wider anthracene group of MPAA can provide more favorable interactions with 6 neighboring molecules through increased π-π overlap, its less uniform molecular shape can make it more difficult to establish long range order in the films.
Previous research has shown that π-π intermolecular interactions have a strong impact on the conductivity of organic films [12] [13] [14] [15] 19 . Theoretical calculations also indicate that a well-ordered structure should decrease the tunneling resistance across molecules by the better spatial overlap of the HOMO and LUMO molecular orbitals 15 . Experimental results from Tokumoto et al. 13 suggest that when load is applied to a well ordered π-conjugated film of (1,1':4',1"-terphenyl)-4-methanethiol (TPMT) molecules, the AFM tip pushes or penetrates into the film, changing its molecular ordering and decreasing its electrical conductance.
The higher friction measured on the MPAA film could be associated with its more disordered nature because defects can accommodate soft, low-frequency vibrational modes and molecular distortions that favor energy dissipation and result in higher friction force. 18, 29 While molecular order and defect density affect friction, the electrical conductivity is much more critically dependent on the nature of modifications occurring in the films.
In an isolated molecule in the same geometry as in the film, the charge carriers injected from the tip to the π-conjugated phenyl and anthracene rings must tunnel through the insulating mercaptophenyl segment of the molecule to the gold surface. On a well ordered film with good overlap between the π-conjugated groups however, the carriers can hope across molecules and thus increase their tunneling probability to the gold due to the many molecules involved.
One can thus envision three very different mechanisms by which conductance can change as a function of load. One is the increase of contact area due to the elastic deformation of tip and surface. This should produce an increase of conductance according to the predictions of contact mechanics, for example as L 2/3 . Another mechanism is a decrease of tip-gold distance due to compression of the film, with possible displacement of molecules at sufficiently high loads.
Displacement can result in an ohmic contact of tip with the gold surface. The compression of molecular films as a result of molecular tilts and gauche defect formation induced by the load, has been well documented for alkane chains 17 . Since electron transport through the film between tip and surface is dominated by tunneling, the decrease in tip-surface distance should change the conductance in a much more rapid way than the increase in contact area. Finally, another mechanism is the perturbation of orbital overlap between HOMO and LUMO frontier orbitals due to molecular distortions, which affect particularly the π-π connection between molecules. Since the topographical height of the MPPA film (1.0 nm) is smaller than that of MPAA (1.5nm), the 10-times higher current measured on MPAA cannot be caused by changes in tip-gold distance, but 7 must mainly be the result of intermolecular electrical transport facilitated by favorable π-π stacking.
On MPPA films, where the molecules have a similar structure as TPMT, conductance increases exponentially with applied load with no abrupt change observed. This suggests that the decrease in the tip-surface distance, and to a much lesser degree the increase in the contact area, dominate the change in conductance in that case.
On the MPAA films the behavior is similar to that of MPPA at low total loads (0-20nN), so that the current increases due to a decrease in tunneling distance by compression of the film. At high total loads (>65 nN) the increase of current is still nearly exponential and thus again likely to be due to a decrease of the tunneling distance by compression. The rate of increase however is smaller than at low loads reflecting a stiffer less compressive film. The notorious difference with MPPA is the plateau in current between 20-65 nN, which can be regarded as a "decrease" on top of the steady increase caused by the decreasing tunneling distance and increasing contact area.
This could be caused by a disruption of the π-π intermolecular stacking. The lack of plateau in MPPA could be due to a weaker π-π intermolecular interaction than in MPAA, due to the different sizes and overlaps of the benzene-containing end groups.
A recent review by A. Salomon et. al 30 suggested that the efficiency of charge transport in π-conjugated molecules is strongly affected by the HOMO-LUMO gap. However, electron hopping between molecules is also important. Both factors are also strongly affected by the molecular conformation. Since π-π intermolecular interactions can strongly affect molecular conformation it will also influence the intra molecular HOMO-LUMO gap and therefore the intermolecular charge hopping rate.
V. Conclusion
We have compared the molecular conductance change as a function of applied load of two similar π-conjugated molecules. MPAA, with a higher degree of π-conjugation, shows a conductivity which is 10 higher than that of MPPA. This indicates that lateral charge transport facilitated by the more efficient π-π stacking in MPAA plays and important role in the electrical transport properties of conjugated molecules. A plateau in conductance was observed for MPAA as a function of load that could indicate a disruption of the π-π intermolecular overlap by compressive loads. For MPPA molecule, with a lower degree of π-conjugation, the conductance increases monotonously with load.
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We found that although the π-π intermolecular interactions play a relatively less important role in determining the frictional properties of the films, which behave closely as predicted by continuum mechanic models and is therefore most likely dominated by the density of defects in the films.
